We investigate the production sites and the enrichment history of r-process elements in the Galaxy, as traced by the [Eu/Fe] ratio, using the high resolution, cosmological zoom-in simulation 'Eris'. At z = 0, Eris represents a close analog to the Milky Way, making it the ideal laboratory to understand the chemical evolution of our Galaxy. Eris formally traces the production of α-capture and Fe-peak elements due to Type Ia and Type II supernovae. We include in post-processing the production of r-process elements from either Type II supernovae or compact binary mergers. Unlike previous studies, we find that the nucleosynthetic products from compact binary mergers can be incorporated into stars of very low metallicity and at early times, even with a minimum delay time of 100 Myr. This conclusion is relatively insensitive to modest variations in the merger rate and delay time distribution. By implementing a first-order prescription for metal-mixing, we can further improve the agreement between our model and the data for the chemical evolution of both [Eu/Fe] and [α/Fe]. Our study suggests that, in order to explain the large dispersion in [Eu/Fe] at low metallicities, the r-process production sites must either be rare or operate sporadically. We argue that compact binary mergers could be the dominant source of r-process nucleosynthesis in the Galaxy.
1. INTRODUCTION The chemical abundances in Galactic halo stars are encoded with precious information about the various stellar progenitor systems that existed prior to their birth. These ancient halo stars therefore provide an insight into the nucleosynthesis processes that occurred early in the history of the Milky Way (Russell 1929) . Of particular interest in this regard is the heavy element composition of Galactic halo stars Cowan & Sneden 2006) . For stars with an [Fe/H] metallicity in the range ≈ 10 −2 to ≈ 10 −3 solar, elements in the mass region above Ba have been found to be consistent with enrichment by a pure r-process with a distribution that is characteristic of solar system matter but with a large star-to-star bulk scatter in their concentrations with respect to the lighter elements such as Mg (Sneden, Cowan, & Gallino 2008) . The presence of these heavy nuclei in such primitive stars demonstrates that the r-process has operated in a fairly robust manner over large periods of time in Galactic history, while the large dispersion in their abundance relative to lighter nuclei suggests an early, chemically unmixed and inhomogeneous Milky Way (Fields et al. 2002) . At later times, these localized inhomogeneities would be smoothed out as subsequent events take place and heavy element products are given more time to migrate throughout the Galaxy (Travaglio et al. 2001) .
Nucleosynthesis theory has identified the specific physical conditions and nuclear properties required for the r-process (Burbidge et al. 1957) . However, the astrophysical site for this process has not been unambiguously identified. The original work on this subject suggested that the neutron-rich regions outside a nascent neutron star in a Type II supernova (Woosley et al. 1994; Takahashi et al. 1994) or the ejecta from the last seconds of a merger between a neutron star (NS) and a compact binary companion are the most likely formation sites (Lattimer et al. 1977; Freiburghaus et al. 1999) . Compact mergers involving a neutron star are much rarer than SN II (Cowan & Thielemann 2004 ) and should occur far from their birth sites (e.g. Kelley et al. 2010) . Furthermore, these two mechanisms eject different quantities of r-process material. These differences should surely be imprinted in the enrichment pattern of r-process elements and may ultimately identify the dominant production mechanism (Argast et al. 2004; Matteucci et al. 2014) .
In this Letter we employ Eris, one of the highest resolution cosmological simulation of the formation of a Milky Waysize galaxy (Guedes et al. 2011) , to investigate the synthesis of the heavy r-process elements in our Galaxy, as traced by the [Eu/Fe] ratio.
METHODS

The Eris Simulation
We use the cosmological zoom-in simulation 'Eris' to track the production and transportation of r-process elements. Eris was performed with the TreeSPH code GASO-LINE (Wadsley, Stadel, & Quinn 2004) . For a detailed description of the simulation, see Guedes et al. (2011) . Here we briefly outline the aspects relevant to this study. Eris uses the Kroupa, Tout, & Gilmore (1993) initial mass function (IMF) and follows Raiteri, Villata, & Navarro (1996) to model metal enrichment from SN II and SN Ia. Metals from both supernova explosions are released as the main sequence progenitors die and are distributed to gas within the smoothing kernel (32 neighboring particles). For SN II, oxygen and iron production as a function of stellar mass are estimated using the following fitting formulae to the Woosley & Weaver (1995) For SN Ia, each explosion produces 0.63 M ⊙ of iron and 0.13 M ⊙ of oxygen (Thielemann, Nomoto, & Yokoi 1986) . Stellar wind feedback is based on Kennicutt, Tamblyn, & Congdon (1994) , and the returned mass fraction was determined following Weidemann (1987) . The returned gas inherits the metallicity of the star particle. We adopt the Asplund et al. (2009) We note that the Eris simulation adopts the traditional SPH formalism where metals are locked into gas particles, and chemical mixing due to microscopic motions such as turbulence are not included. This may cause artificially inhomogeneous chemical distribution (Wiersma et al. 2009; Shen, Wadsley, & Stinson 2010) . While improved runs within the Eris suite include turbulent mixing (Shen et al. 2013) , for this study we have used a simulation without mixing so that our r-process injection method is consistent with the O and Fe enrichment in the simulation. In Section 3, we explore a simple diffusion model to illustrate the effect of mixing.
R-Process Production Sites and Injection History
The key ingredient in our analysis is the realistic star formation history (SFH) of a galaxy simulated in a cosmological context which at redshift z = 0 is a close analog of the Milky Way (Guedes et al. 2011) . In this section we describe our post-processing implementation for NS mergers. The major elements of our model include: (1) The delay-time distribution (DTD) of mergers; (2) the merger rate and the yield of r-process elements; and (3) the spatial distribution of injection sites and their sphere of influence.
Delay-time distribution, merger rates and r-process yields
The merger DTD, P(t), is well-modeled by a powerlaw (Piran 1992; Kalogera et al. 2001) , although there is significant uncertainty on the value of the exponent (e.g. Behroozi et al. 2014 , and references therein). Herein, we adopt P(t) ∝ t −n for t > t cut and zero probability otherwise, where t cut is the initial time delay after a burst of star formation before the first merger occurs. Herein we consider two power-law indices, n = 2 and n = 1, and assume a conservative value of t cut = 100 Myr (Fryer et al. 1999; Belczynski et al. 2006 ).
Our fiducial model assumes that each merger event produces a mass M rp = 0.05 M ⊙ of r-process elements (e.g. Just et al. 2014) . We also consider a model where M rp = 0.01 M ⊙ is produced, which reflects the mass of dynamically ejected material (Lattimer & Schramm 1974; Rosswog et al. 1999; Metzger et al. 2010; Roberts et al. 2011; Bauswein et al. 2013; Grossman et al. 2014) . For each merger event, we track the production of europium, which we assume is produced in solar relative proportions such that M Eu /M rp = 9.3 × 10 −4 (Sneden, Cowan, & Gallino 2008) . The NS merger rate is then determined by convolving the SFH extracted from the simulation with the DTD:
where A is a constant that is fixed by the total number of merger events,Ṁ * is the star formation rate (SFR) ). The resulting NS merger history is shown in Figure 1 as the solid red curve, for M rp = 0.05 M ⊙ , which is in good agreement with the expected rates calculated by (Abadie et al. 2010 ). For reference, we also present the Eris SN II rate as a function of time as the blue curve in Figure 1. 
Injection History
Compact binary mergers are expected to predominantly occur within ∼ 10 − 100 kpc of a Milky Way-like host galaxy (Bloom, Sigurdsson, & Pols 1999; Belczynski et al. 2006; Kelley et al. 2010) . Therefore, the spatial distribution of NS mergers broadly follows the stellar distribution of the host galaxy. We have thus adopted a post-processing implementation to include NS mergers in Eris. Our approach is justified since the momentum imparted to the surrounding gas by a merger is much less than that of a SN explosion, despite releasing an energy that is similar in magnitude to a SN. The gas dynamics is therefore largely unchanged.
In the top-left panel of Figure 2 , we present a face-on illustration of the projected surface mass density of Eris' stars at redshift z = 2. By construction, this panel represents the distribution of merger injection sites. Similarly, in the topright panel of this figure, we present the SFR surface density, which traces SN II. In the bottom panels of Figure 2 , we show the surface mass density of gas on two different spatial scales, which are enriched by these events and later form a new generation of stars.
Using the above formalism, we calculate the number of NS mergers that occur between adjacent timesteps and randomly select a corresponding number of star particles from a uniform distribution to act as the merger injection sites. −5 M ⊙ (corresponding to M rp = 0.05 M ⊙ ), which is distributed over the 32 neighboring gas particles according to smoothing kernel, as outlined in Wadsley, Stadel, & Quinn (2004) . We note that the oxygen and iron enrichment follow an identical scheme. The evolution of each gas particle is tracked for subsequent timesteps. When a stellar particle is born, it inherits the Eu/Fe ratio from the parent gas particle. Hereafter, when comparing with observations, we only consider star particles present in the z = 0 snapshot.
R-PROCESS ENRICHMENT IN THE MILKY WAY
We now investigate the chemical evolution of the α, Fepeak and r-process elements in Eris. The top-left panel of Figure 3 For comparison, we overplot [α/Fe] measurements for a sample of Milky Way thin disk, thick disk, and halo stars (see Figure 14 from Sneden, Cowan, & Gallino 2008 , with additional stars from Venn et al. 2004 , Mishenina et al. 2013 , and Roederer et al. 2014 . We divide the observational sample into stars where α (typically Mg, Si, Ca), Fe, and Eu are all measured (blue symbols), and stars where only α and Fe are measured (orange symbols). Overall, there is a good agreement between the observations and the upper envelope of the simulated stars. Moreover, the 'knee' in the α/Fe ratio near a metallicity [Fe/H] ≃ −1.0, which marks the increased contribution of SN Ia (e.g. Tinsley 1979) , is well-reproduced by the Eris simulation.
The discrepancy between Eris and the observations at low metallicity is the result of gas particles being enriched locally by either SN II or SN Ia. This bifurcation illustrates a limitation of many simulations; once a gas particle is enriched with metals, it cannot share its metals with neighboring particles. Many techniques have been developed to incorporate metal diffusion in simulations, using either subgrid turbulent diffusion models (Greif et al. 2009; Shen, Wadsley, & Stinson 2010; Scannapieco & Brüggen 2010) , or simply smoothing the metals within the SPH kernal (Wiersma et al. 2009 ). In this Letter, our goal is to provide a simple demonstration of the importance of metal diffusion for studying chemical evolution. We have therefore post-processed Eris to paint newly formed star particles with a metallicity corresponding to the mass-weighted average of the 32 nearest neighbors. The result of this demonstration is presented in the right panels of Figure 3 , where the excess [α/Fe] scatter for the Eris star particles is considerably reduced at all times. The data are also brought into much better agreement with the simulations at low metallicity.
Using the techniques described in Section 2.2, a sample of stars enriched with the r-process in Eris are shown in the top two panels of Figure 4 , assuming the only production channel for the r-process is NS mergers. The top-right and top-left panels show the Eu/Fe abundance for Eris star particles with and without metal diffusion. In both cases, a large spread in Eu/Fe is produced at all times; even after the Eu and Fe are diluted by metal-diffusion, there exists a substantial scatter in Eu/Fe abundances.
We present the corresponding distributions of the stellar [Eu/Fe] values with [Fe/H] metallicity in Eris as the green contours in the bottom panels of Figure 4 (dark and light shades enclose 68 and 95 per cent of Eris' star particles). The observational data are drawn from the samples described above, where blue symbols represent stars where α, Fe, and Eu were all measured, and orange symbols are for stars where only Eu and Fe (but not α) were reported. The most striking feature of these panels is that NS mergers are able to produce a significant scatter, even at low metallicity, which is well-matched by the observational data. Unfortunately, it is difficult to draw a direct comparison between the simulations and the observations at low metallicity, since there are a nonnegligible number of stars where Eu has not yet been detected (e.g. Barklem et al. 2005 ).
DISCUSSION
The density of free neutrons required for r-process synthesis points to an explosive environment (Burbidge et al. 1957) . SN II have long been prime suspects although not enough is known about the detailed physics such as the explosion mechanism, the role of neutrino interactions and the equation of state in order to create realistic models that actually synthesize r-process material (e.g. Roberts et al. 2010) . NS mergers offer a possible alternative to SNe as the primary r-process site (Lattimer et al. 1977) . The conditions estimated to characterize the decompressed ejecta from compact binary mergers is compatible with the production of an r-process abundance pattern generally consistent with solar system matter, and in particular the third r-process peak. The most recent numerical studies of matter ejected in such relativistic mergers shows specifically that the r-process heavy nuclei are produced in solar proportion (Roberts et al. 2011; Bauswein et al. 2013; Grossman et al. 2014 ). The differences between these two mechanisms should be discernible in the enrichment pattern of r-process elements in the Milky Way.
Since the chemical evolution of any galaxy is intrinsically tied to its SFH, it is crucial to adopt a galaxy model that is characteristic of the Milky Way. Eris is a close analog of the Milky Way at z = 0, making it an ideal laboratory to study the chemical evolution of r-process elements in our Galaxy. When we consider a simple prescription for chemical mixing, overall we find a good agreement between observations and Eris for the relative production of α-capture and Fe-peak elements. The spurious branch of low α/Fe values seen at low metallicity in the bottom panels of Figure 3 is completely removed when a self-consistent prescription of mixing is included in the simulation (Shen et al. in preparation Figure 5 . Previous studies that have investigated the chemical evolution of the r-process with NS mergers have suggested that the merger timescale needs to be relatively short (∼ 1 Myr) in order for the r-process to be borne into stars with metallicities −3.0 (Argast et al. 2004; Matteucci et al. 2014 ). Our analysis, on the other hand, suggests that the chemical enrichment from NS mergers can be incorporated into stars of low [Fe/H] and at early epochs even with a delay time of ∼ 100 Myr.
In our investigation, we have found that compact binary mergers are able to successfully produce a large dispersion in the [Eu/Fe] ratios at low metallicity, which is diluted at higher metallicity due to chemical mixing. In general, the large r-process yield and the rarity of NS mergers can produce a highly varied enrichment of the r-process. We have also explored extensions to our fiducial model including: (1) a DTD with P(t) ∝ t −2 (see bottom-left panel of Figure 5 ); and (2) increasing the frequency of mergers by a factor of 5, whilst reducing the yield per event by the same amount (see bottomright panel of Figure 5 ). For these modest variations in our model parameters, we find that Eris displays a good general correspondance with the chemical evolution of [Eu/Fe] observed in the Milky Way.
Whilst there need not be a single r-process production site, the current data favor a source that is either uncommon or whose yield only sporadically produced the r-process. Our study has found that NS mergers are a strong candidate as a dominant production site, even at low metallicity. Future cosmological hydrodynamic simulations with a more realistic mixing prescription, that follows a galaxy with a similar chemical evolution and SFH to that experienced by the Milky Way, are now required to investigate this problem in further detail.
